A very rapid, flash-gas chromatographic (GC), quantitative method for the analysis of high molecular weight saturated hydrocarbons in cigarette smoke has been developed. The method was fast, accurate and precise. Sample turn around times were approximately six minutes, with an accompanying average percent relative standard deviation (%RSD) of less than 10%. Four linear saturated hydrocarbons with 27, 29, 31 and 33 carbon atoms were quantitated in an array of reference cigarettes ranging in "tar" deliveries from approximately 2 to approximately 20 mg. By use of a cyclohexane extraction of cigarette smoke captured on Cambridge filter pads, the extraction efficiency was determined to be greater than 95% for each hydrocarbon. The approach represents a significant advance over current analytical procedures that require, on average, greater than 30-min sample turn around times. [Beitr. Tabakforsch. Int. 20 (2003) 
RESUME
Une méthode quantitative très rapide de chromatographie gazeuse "flash" pour l' analyse des hydrocarbures saturés de poids moléculaire élevé dans la fumée de cigarette a été
INTRODUCTION
In 1954 hentriacontane was listed as the only alkane identified in tobacco smoke (1) . Since this initial disclosure, over 100 alkanes ranging from methane, C 1 , to hexatriacontane, C 36 , have been identified in cigarette smoke (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The hydrocarbons found in cigarette smoke conden-DOI: 10.2478/cttr-2013-0749 sate consist primarily of normal, iso, and anteiso isomers from C 12 to C 40 (3, 16) . More specifically, the major hydrocarbons in cigarette smoke have been identified as C 27 , C 29 , C 31 and C 33 with normal and iso isomers being present (2, 4, 5) . The analytical methods employed for the qualitative and semi-quantitative analysis of cigarette smoke for these hydrocarbons have been somewhat dated, having employed packed column technologies for the end determinations (4, 5) . Typical separation times for these analytes with the packed column technologies were in excess of one hour. In addition, with somewhat extensive sample preparation times the overall analysis time was rather long and involved. A more recent study of hydrocarbons of this type in cigarette smoke resorted to the determination of the high molecular weight hydrocarbon octatriacontane, C 38 , by employing high performance liquid chromatography (HPLC) (6) . The retention time of the C 38 analyte was approximately 13 min. The recently renewed interest in hydrocarbons in cigarette smoke is based in part on the hypothesis that the hydrocarbons present in tobacco are precursors to polynuclear aromatic hydrocarbons found in mainstream tobacco smoke (7, (12) (13) (14) . In addition, an accurate and precise assessment of these hydrocarbons in tobacco smoke could facilitate further understandings of their proposed role in the inhibition of tumorigenicity of mouse skin to polynuclear aromatic hydrocarbons as discussed in detail by RODGMAN (14) , WYNDER and HOFFMANN (15) . Given the extended sample analysis times indicated by the published literature, a more facile overall analytical approach was required. Capillary gas chromatographic systems often use a relatively cool initial oven temperature to ensure that relatively low boiling components can be efficiently separated from the higher boiling components of the sample. To ensure reasonable sample analysis times, column oven temperature programming is often employed to optimize the elution times of the higher boiling components. Once the higher boiling components have eluted from the column, the column oven, now at an elevated temperature, is then allowed to return to the often much cooler initial temperature. With the temperature precision of modern gas chromatographs, very precise elution times can be achieved with complex mixtures having wide ranges in boiling points. However, in a number of cases the time required for the column oven to return to the initial value adds substantial overhead time to the overall analysis time, sometimes several minutes. Thus, the ability to reduce the time required to reach column oven thermal equilibrium prior to the next analysis would be a key to reducing overall sample analysis time. In addition, the column oven temperature programming rates are somewhat limited by the necessity to heat the entire oven mass evenly and in a reproducible fashion. Alternatively, an approach aimed at heating only the column and not the entire column oven environment would seem to be an acceptable way to impact the time required to reach initial thermal equilibrium. That is, heating only the mass of the column vs. the mass of the oven would create the potential for shortening the time required to reach initial thermal equilibrium, thus shortening the overall analysis time. Such capability to heat only the column exists with commercial instrumentation termed ezFLASH, from TDX, Chelmsford, MA. With this technology the column itself can be reproducibly ballistically heated, up to approximately 20 C per second, to the maximum temperature value of the column. Equally important is the capability of the column to return to initial thermal equilibrium in seconds. By coupling the capability to heat the column rapidly with the rapid return to initial thermal equilibrium and capillary column technology, the potential exists to significantly reduce analysis times, for volatile and semivolatile components. There are some very important fundamental chromatographic parameters that must be addressed when considering significantly reducing the elution times of analytes from, for example, multiple minutes to just a few minutes or even seconds. Possibly the most important is the efficiency of the capillary column. Reduction in capillary column internal diameter has been documented to have a pronounced positive impact on the efficiency of columns. Therefore, narrow bore fused silica capillary columns, 250-m internal diameter are appropriate starting points when employing the ezFLASH technology.
In the past few years, applications of the ezFLASH technology have appeared (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These applications confirmed the ruggedness of the ezFLASH approach to various analytes and in particular one of the references presented data on a set of relatively low molecular weight hydrocarbons (17) . More specifically, C 9 through C 17 hydrocarbons were separated in approximately 10 sec with a flame ionization detector. Thus, based on a theoretical evaluation and actual reports of the potential of ezFLASH gas chromatography to positively impact hydrocarbon analyses parameters, a series of experiments involving the analyses of actual high molecular weight hydrocarbons in cigarette smoke was initiated. This report will describe the results of the investigations in terms of analysis time, analysis accuracy and precision.
EXPERIMENTAL

Sample preparation
During the course of development of the analytical procedure two smoking approaches were evaluated: 1) linear 20-port smoking with collection on a Cambridge filter pad and 2) rotary 20-port smoking with collection by electrostatic precipitation (ESP). In both cases, the cigarette products were conditioned and smoked strictly following the protocols of the Federal Trade Commission (FTC). In the ESP experiments, three traps, containing solvent at 0 C (ice bath), were placed after the ESP tube to test for analyte break through. No hydrocarbons were detected in the traps. After thorough evaluation of both smoke collection procedures, procedure one was adequate to collect the linear high molecular weight hydrocarbons. Thus, collection of the mainstream particulate phase was accomplished with the Cambridge filter pad (Table 1) . Numerous solvents and solvent volumes were evaluated for extraction efficiency and ease of use during the development of the approach, Table 1 . The mainstream smoke from a low "tar" market product was used to examine various parameters of the sample workup procedure. The solvents/solvent mixtures included: 1) cyclohexane; 2) cyclo- Table 2 . In these experiments the pad was extracted with 25 mL of cyclohexane as described above. Twenty-three milliliters were then removed and an aliquot placed in a GC autosampler vial (First Extract). Another 25 mL of extraction solution was then added to the flask containing the pad and the 2 mL of remaining extraction solution and re-extracted. An aliquot of this was then placed in an autosampler vial (Second Extract). In this table, WTPM is the wet total particulate matter (which is related to the "tar" level of the cigarette). All samples were smoked six times and each of the six replicates were injected into the GC system six times and the average of these 36 replicates are shown in Table 2 . The results from this experiment indicate that 25 mL of cyclohexane per pad was adequate to obtain extraction efficiencies of, within experimental error, 100%, regardless of the nominal "tar" value of the cigarettes, with accompanying acceptable analyte responses. The extraction efficiencies were calculated as follows: 1) the amount of the First Extract was M 1st = x*M HC , where M 1st = amount of First Extract and M HC = amount of high molecular weight hydrocarbon and x = efficiency; 2) after adding a second 25 mL to the flask containing the 2 mL of remaining extraction, the amount in the Second Extraction was M 2nd = (2*M 1st /25) + (1 x)*M HC .
Solving for x, the efficiency, yields x = M 1st /(M 2nd + 23/25*M 1st ). Thus, the final sample preparation procedure was as follows: to one pad containing the mainstream particulate material from 5 cigarettes in a 125-mL Erlenmeyer flask was added 25 mL of cyclohexane containing a known concentration of internal standard. The flask was stoppered and sonicated in a Branson (Danbury, CT, USA) Model 5200 Sonic Bath for 30 min. Next a portion of the extract was transferred to a 1.8-mL vial, capped and placed in the autosampler for the chromatographic end determination. approximately 20 g/mL and the standard concentrations ranged from 10 g/mL to 0.2 g/mL.
Instrumental parameters
To an Agilent 6890 (Wilmington, DE, USA) gas chromatograph (GC)fitted with a flame ionization detector (FID) was attached an ezFLASH unit from TDX, Thermedics Detection, Inc., Chelmsford, MA, closely following the manufacturer's installation instructions. Once installed, the Agilent 6890 GC was fitted with a capillary column having the following attributes: length, 5 m; internal diameter, 250 m; film thickness, 0.1 m; film type, DB-5MS (J&W Scientific, Folsom, CA, USA). The carrier gas was helium. The overall instrument operating parameters, including both the ezFLASH and AGILENT 6890 GC (ezFLASH/GC/FID), are disclosed in Table 3 .
RESULTS AND DISCUSSION
Initial separation investigations
In the initial stages of method development, separations were attempted employing an Agilent 6890 GC fitted with an Agilent 5973 mass selective detector (MSD). The mass spectrometer was operated in the total ion current mode due in part to the relatively abundant amounts of the selected hydrocarbons in cigarette smoke reported in the literature (4, 5) . Separations were obtained with a 30-meter DB-5MS (J&W Scientific, Folsom, CA, USA) column having a film thickness of 0.1 m and an inside diameter of 0.25 mm. The optimized chromatogram obtained from a cyclohexane standard is shown in Figure 1 . The total sample turn around time for this optimized separation was approximately 25 min. The hydrocarbons were more than adequately separated. Examination of the peaks assigned to the C 27 , C 29 , C 31 and C 33 hydrocarbons was expanded to include chemical ionization mass spectrometry (CI-MS) by performing the identical separation on an Agilent 6890 GC equipped with a 5973 MSD having CI capability. With methane as the ionization reagent, CI mass spectra were obtained on the C 27 , C 29 , C 31 and C 33 hydrocarbons. For those components with retention times corresponding to the selected hydrocarbons in a smoke sample, close examination of the CI mass spectra confirmed the components to: 1) have an appropriate mass and 2) be free of any interferences. Thus, using a DB-5MS column was sufficient to obtain a separation free from any measurable interferences. Very close examination of the chromatogram obtained from any of the above mentioned separations revealed that the chromatographic profile was consistent with the presence of a "cold" spot in the separation hardware. More specifically, the peaks for the higher molecular weight hydrocarbons of interest, i.e., C 31 and C 33 , possessed a pronounced "tail", Figure 2 . The presence of the pronounced skewness or peak asymmetry indicated not only unacceptable chromatographic performance but led to significant and measurable variance in the precision of the method.
In an attempt to eliminate the presence of the "tail", the injection technique was changed to cold on-column while maintaining identical separation and data collection conditions. No change in the peak profiles was noted after this change. Next, the separation was transferred to a second yet identical Agilent 6890 GC/Agilent 5973 MSD system. The peak profiles remained the same. The temperature of the GC-MSD interface was increased to the maximum value and yet the presence of tailing was consistent. At this point, the conclusion reached, to account for the tailing, was assigned to the presence of a small but otherwise influential cold spot in the GC-MSD or its interface. One plausible reason for this less than optimal separation performance could possibly be due to the very high boiling points of these hydrocarbons, >400 C. Hence, the presence of a minute cold spot in the separation hardware had caused unacceptable chromatographic performance. In an attempt to eliminate the presence of the cold spot and shorten the sample turn around time, the separation was shifted to an ezFLASH system employing an FID.
Separations via ezFLASH/6890 GC
Following a series of optimization trials with the ezFLASH/ 6890GC/FID, where initial temperature, temperature programming rates, and sample injection volume were examined, the separation depicted in Figure 3 was obtained for a low calibration standard containing the C 27 , C 29 , C 31 , and C 33 hydrocarbons at a concentration of approximately 0.2 ng/L each. All of the peaks were resolved with accompanying very short elution times. The peak width at halfheight was 0.8 sec for all components. Figure 4 depicts the chromatogram obtained from the extraction of a smoke sample with cyclohexane. The attributes of this chromatogram are very similar to those of the lowest calibration standard. The chromatogram reveals that the hydrocarbons and internal standard are completely resolved from the other components in the smoke sample. In addition, the signal-to-noise ratios for the analytes and the internal standard are very acceptable. Several important observations can be made by comparing the Agilent 6890 GC/Agilent 5973 MSD and ezFLASH/Agilent 6890 GC/FID based separations: 1) the separation time for the ezFLASH/6890GC system is much shorter, 2) the peak heights for the analytes of interest are much greater for the ezFLASH/6890GC system, and 3) although not specifically illustrated by Figures 3 and 4 , the overall cycle time between injections was much less for the ezFLASH/6890GC system, approximately 6 min vs. approximately 30 min for the 6890GC system alone.
EzFLASH/6890GC precision studies
Critical to acceptable performance of any analytical procedure is the precision of the selected approach. To test the precision of the ezFLASH/6890GC/FID system, a series of auto-injections of standard solutions and samples were made. At least six replicate injections were made and the average values, standard deviations and percent relative standard deviations (%RSD) were calculated. These data can be found in Table 2 . Also shown in Table 2 are the %errors obtained by analyzing standard solutions of known concentrations. As can be seen in the table the %errors for the 10-g/mL and 5-g/mL solutions are all below 5%. The lower concentration samples indicated a higher error but still within acceptable ranges.
EzFLASH/6890GC durability
With the capability of making autoinjections every six minutes, the system durability could become an issue. To test this, the ezFLASH/6890GC/FID system was programmed to make very many injections without interruption. At the completion of approximately 1000 injections, no measurable degradation in the overall performance of the system was noted.
ANALYTICAL RESULTS FROM ezFLASH/6890GC/FID ON SELECTED SMOKE SAMPLES
An array of University of Kentucky reference cigarettes varying in "tar" levels from approximately 2 to approximately 20 mg/cig was studied to test the range of applicability of the method for smoke samples. These cigarettes were: 1) 1R5F, 2) 1R4F, 3) 1R3F, and 4) 2R1F. The average yields of the C 27 , C 29 , C 31 and C 33 hydrocarbons on a per cigarette basis can be found in Table 2 . Recent correlations have been developed linking WTPM yields and "tar" yields with the amounts of selected components (21) .
Strong correlations have been found for such analytes as benzo[a]pyrene, phenol, and hydroquinone. Plots of WTPM yields vs. these selected hydrocarbons yields and well as vs. the total amount of the selected hydrocarbons, Figure 5 , yielded strong linear correlations .
CONCLUSIONS
A simple and rapid quantitative method for the determination of linear high molecular weight hydrocarbons in cigarette smoke has been developed. Specifically, the method quantifies the amount of heptacosane (C 27 ), nonacosane (C 29 ), hentriacontane (C 31 ) and tritriacontane (C 33 ) in the smoke. After appropriate conditioning, the smoke from five cigarettes is collected on a Cambridge pad and the pad is extracted with 25 mL of cyclohexane containing approximately 20 g/mL of triacontane-d 62 in a sonic bath for 30 min. The extraction efficiency has been shown to be essentially 100% for all analytes with precisions of <10% RSD. The ezFLASH/GC/FID end determination has a cycle time of <6 min thus allowing over 10 injections per hour or 180 injections/day. Since the sample preparation only requires a single step extraction, the smoking process is by far the rate limiting step in the analysis. The results obtained from the four Kentucky reference cigarettes measured by the method described herein for the determination high molecular weight hydrocarbons in cigarette smoke confirm previous correlations that link the wet total particulate matter (WTPM) yields with the amount of selected smoke constituents. Use of this general approach for the analysis of linear high molecular weight saturated hydrocarbons in tobacco as well as sidestream cigarette smoke would seem readily applicable. Such data would permit the determination of the portion of these alkanes transfer to the cigarette mainstream and sidestream smoke.
